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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a ceramic composite which has a high mechanical strength, and an excellent creep 
resistance in a wide temperature range from room temperature to a high temperature and is suitable for use as a struc- 
tural material at a high temperature. 

2. Description of the Related Art 

SiC and Si 3 N 4 have been investigated to develop ceramic materials to be used at high temperatures but they are 
not sufficient in high temperature properties. As an alternative material thereof, SiC/SiC composite materials produced 
by chemical vapor impregnation, provided by Societe Europeene de Propulsion, have attracted attention, at the present 
are considered to be the best high temperature structural materials that have have been investigated and developed. 
The temperature range at which they can be used is reported to be 1400°C or lower. 

Manufacture of ceramics is primarily done by a powder sintering method in which improvement in powder charac- 
teristics, such as finer particle size and higher purity, have made it possible to obtain Zr0 2 ceramics having the high 
strength, at room temperature, of 30 GPa. It is also possible to produce a composite material in which additional 
ceramic particles are dispersed at the level of nano meters in a sintered ceramic material, by which an improvement in 
the strength, toughness and thermal properties of the ceramic material was provided. 

It was generally considered that oxide ceramics cannot be used for high temperature structural materials which 
receive high loads, since oxide ceramics are easily deformed at high temperatures. The oxide ceramics are better in 
resistance to oxidation and corrosion at high temperatures than other types of ceramics and therefore can be expected 
to be used in a wide range of uses if the mechanical strength at high temperature can be enhanced. In this respect, 
metal oxides such as Al 2 0 3 , Zr0 2 and MgO and rare earth element oxides such as Y 2 0 3 , La 2 0 3 . Yb 2 0 3 . Sm^! 
Gd 2 0 3 . Nd 2 0 3 and Er 2 0 3 . having melting points higher than 2000°C, are expected to be useful for high temperature 
ceramics. 

Japanese Unexamined Patent Publication (Kokai) No. 5-85821 discloses a sintered body comprising a rare earth 
element oxide (an oxide of a rare earth element or an oxide of two or more rare earth elements) and Al 2 0 3 and a proc- 
ess for producing the same. A rare earth element oxide and Al 2 0 3 are mixed and formed into a shape, followed by sin- 
tering the shape at an optimum sintering temperature for an optimum sintering time period so as to control the crystal 
grain size of the sintered body to 30 \im or less, by which extraordinal grain growth and the appearance of pores are 
prevented and a rare earth element oxide-alumina sintered body with a high strength, high toughness and high reliabil- 
ity can be provided. 

Mr. T. Parthasarathy et al. in Journal of the American Ceramics Society Vol. 76, No. 1, pp29 - 32 (1993) disclosed 
a composite of alumina and yttrium aluminum garnet (sometime hereinafter referred to as W YAG") of eutectic AbO*- 
Y 3 AI 5 0 12 . 2 3 

Mr. Parthasarathy et al. also disclose a method of producing the composite by unidirectionally melting and solidify- 
ing a mixed powder of Al 2 0 3 and Y 2 0 3 in a crucible. 

It is comprehensible from the description on page 29, right column, lines 9 and 1 0 and Figs. 1 and 2 of the literature 
that the composite is polycrystalline and includes grain boundaries. This is clearly supported from the description The 
failure was usually along the colony boundaries with crack running along the Al 2 0 3 -YAG interface boundaries". These 
colony boundaries are shown as portions where the microstructure is larger than in the other portions in Fig. 2 of the 
literature. 

This composite material has stresses equivalent to those of sapphire at 1530°C and 1650°C when the strain rate 
was made constant. 

Moreover, the present inventors confirmed by experiment that the composite disclosed by Mr. Parthasarathy et al. 
include pores or voids in the microstructure and the mechanical strength of the composite falls rapidly at high temper- 
ature. 

It is clear, as evidenced by the above that the mechanical properties of ceramic composite materials at high tem- 
peratures largely depend on the structure of grain boundaries of constituent materials, the interface between the matrix 
and the reinforcing phase, and crystallographic properties of reinforcing phase and matrix and precise control of these 
factors are required. 

The present inventors, considering the above problems of the conventional art, have vigorously investigated to 
obtain ceramic composite materials having excellent mechanical strength and creep resistance from room temperature 
to a high temperature, particularly having remarkably improved properties at high temperatures. 
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As results, the inventors found novel ceramic composite materials consisting of a-AI 2 0 3 and YAG, constituting sin- 
gle crystal/single crystal phases, single crystal/polycrystal phases, and polycrystal/polycrystal phases (see Japanese 
Unexamined Patent Publication (Kokai) Nos. 07-149,597 and 07-187893 and Japanese Patent Application No. 06- 
240790). 
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SUMMARY OF THE INVENTION 

The object of the present invention is to provide, following the above ceramic composite materials consisting of a- 
Ai 2 0 3 and YAG phases, novel ceramic composites of solidified bodies consisting of at least two crystal phases of oxides 
io selected from metal oxides and complex metal oxides, i.e., metal oxide/metal oxide, metal oxide/complex metal oxide, 
or complex metal oxide/complex metal oxide, which have excellent mechanical properties and creep resistances at from 
room temperature to a high temperature and particularly, remarkably enhanced properties at high temperatures. 

Thus, in accordance with the present invention, there is provided a ceramic composite of a solidified body consist- 
ing of at least two crystal phases of oxides selected from the group consisting of metal oxides and complex metal 
75 oxides, except that said atdeast two oxides are not the combination of aluminum oxide (Al 2 0 3 ) and a complex oxide 
(YAG) of aluminum oxide (Al 2 0 3 ) and yttrium oxide (Y 2 0 3 ). 

Exemplified metal oxides include Al 2 0 3 . MgO, Si0 2 . Ti0 2 . 2r0 2 . CaO, BaO, BeO, FeO, Fe 2 0 3 , MnO, CoO, Nb 2 0 3 , 
TajAa, Cr 2 0 3 . SrO, ZnO, NiO, Li 2 0 3 , Ga 2 0 3 , Hf0 2 , Th0 2 , U0 2 and Sn0 2 . 

Exemplified rare earth element oxides include La 2 0 3 , Y 2 0 3 , Ce0 2 , Pr 6 0 11( Nd 2 0 3 . Sm 2 0 3 . Eu 2 0 3 , Gd 2 0 3 , Tb 4 07. 
20 Dy 2 0 3 , Ho 2 0 3 , Er 2 0 3 . Tm 2 0 3 , Yb 2 0 3 and Lu 2 0 3 . 

A complex metal oxide, also called as compound oxide or sometimes double oxide, means an oxide of two or more 
metal elements. 

Exemplified complex metal oxides include 3AI 2 0 3 • 2Si0 2 , MgO • Al 2 0 3 , Al 2 0 3 • Ti0 2 , BaO • Al 2 0 3 , BaO • 6AI2O3. 
BeO*AI 2 0 3 . BeO-3AI 2 0 3 , 3BeO*AI 2 0 3 , CaO-Ti0 2 . CaO-Nb 2 0 3 . CaO»Zr0 2 . 2CoO-Ti0 2 . FeAI0 4 , MnAI0 4 . 
25 2MgO • Y 2 0 3 . 2MgO • Si0 2 , MgCr 2 0 4 , MgO • Ti0 2 , MgO • Ta 2 O s , MnO • Ti0 2 , 2MnO • Ti0 2 , 3SrO • Al 2 0 3 , SrO • Al 2 0 3 , 
SrO • 2AI 2 0 3 . SrO • 6AI 2 0 3 . SrO • Ti0 3 . 3Y 2 0 3 • 5AI 2 0 3 . 2Y 2 0 3 • Al 2 0 3 . 2MgO • Al 2 0 3 • SiO s , LaAl0 3 . CeAI0 3 , PrAI0 3 . 
NdAI0 3 . SmAI0 3 , EnAI0 3 . GdAI0 3 , DyAI0 3 , Yb 4 AI 2 0 9 and Er 3 AI 5 0 12 . 

Exemplified complex metal oxides of Al 2 0 3 and rare earth element or metal include 11AI 2 0 3 *La 2 0 3 . 
11AI 2 0 3 *Nd 2 0 3 . 11AI 2 0 3 *Pr 2 0 3 , EuAI^O^. 2Gd 2 0 3 • Al 2 0 3 , Sm 2 0 3 • 1 1 Al^, Yb 3 AI 5 0 12 . CeAI0 3 , CeAlnO^, 
30 Er 3 AI 5 0 12 and Er 14 AI 2 O g . 

The oxide of each crystal phase may be any of a single oxide such as Al 2 0 3 , a complex oxide such as MgO • Al 2 0 3 , 
or a solid solution oxide. The solid solution oxide means an oxide consisting of a primary oxide to which an additional 
oxide is solid solved. 

The term "solidified body" means that the body is obtained by molting the powders or materials of at least two 
35 oxides followed by cooling the molten material to allow solidification "solidified" is sometimes also called "melted" or 
"fused" as, for example, in "melted alumina" or "fused alumina". The solidified body is clearly distinguished from a sin- 
tered body. 

The ceramic composite of the present invention can have a uniform structure which does not include colonies and 
voids by controlling the conditions of manufacture. The ceramic composite of the present invention does not include any 
40 of the grain boundary phases which are generally present in sintered ceramic bodies and are constituted by a material 
having a composition different from each of the compositions of the crystal grains, for example, a sintering agent or a 
reaction product or mixture thereof. 

It is also possible to produce a ceramic composite constituted by a combination of the crystal phases of single crys- 
tal/single crystal, single crystal/polycrystal, or polycrystal/polycrystal of a combination of metal oxide-metal oxide, metal 
45 oxide-complex metal oxide, or complex metal oxide-complex metal oxide, by controlling the conditions of manufacture. 

The single crystal means that only a diffraction peak derived from a specific crystal plane is observed in an X-ray 
diffraction of a ceramic composite. This means that the ceramic composite includes only one single crystal or a plurality 
of single crystals which are aligned in the same crystallographic orientation, most typically a three dimensionally con- 
tinuous single crystal. 

so Further, each phase of the single crystal and polycrystal phases can have a three dimensionally continuous struc- 
ture and these three dimensionally continuous phases are typically intertmingled with each other. 

Alternatively, in the ceramic composite of the invention, the only polycrystal phase may be a three dimentionally 
continuous phase in which a plurality of single crystals may be dispersed in the form of fibers or particles. 

It is also possible to add an additional oxide to the constituent oxides to be dissolved or precipitated in at least one 
55 of the constituent oxides of the ceramic composite or to present at boundaries of the phases, by which the mechanical 
or thermal properties of the ceramic composite is varied. 

The sizes of phases may be controlled by selecting the solidification conditions but is typically 1 to 50 jim. Here, the 
size of a phase means a dimension of the phase which is observed in a section of a ceramic composite. Most typically, 
the sectional view takes a sea-island structure (e.g. Fig. 1). 
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For example, in the case of a combination of Al 2 0 3 and Si0 2 of the Examples, i.e. a ceramic composite consisting 
of an Al 2 0 3 phase and a 3AI 2 0 3 • 2Si0 2 phase, a complex oxide made of Al 2 0 3 and Si0 2 can be obtained, since they 
form an eutectic crystal consisting of 68 mol% of Al 2 0 3 and 32 mol% of Si0 2 . In the ceramic composite of the present 
invention, the proportion between Al 2 0 3 and the complex oxide 3AI 2 0 3 • 2Si0 2 can be varied in a range of about 20 to 
r 80% by volume of Al 2 0 3 and about 80 to 20% by volume of 3AI 2 0 3 • 2Si0 2 by varying the ratio between the starting 
Al 2 0 3 and Si0 2 powders. 

Also, in a combination of Al 2 0 3 and Gd 2 0 3 of Examples, which form an eutectic crystal GdAI0 3 consisting of 78 
mol% of Al 2 0 3 and 22 mol% of Gd 2 0 3 , a ceramic composite consisting of an Al 2 0 3 phase and a GdAI0 3 phase having 
a perovskite structure of a complex oxide made of Al 2 0 3 and Gd 2 0 3 can be obtained. This ceramic composite may 
o have a composition in a range of about 20 to 80% by volume of a-AI 2 0 3 and about 80 to 20% by volume of GdAI 2 0 3 . 

The oxides having a perovskite structure which can be present in accordance with the present invention include 
LaAI0 3 , CeAI0 3 , PrAI0 3 , NdAI0 3 , SmAI0 3 , EuAI0 3 and DyAI0 3 . 

A ceramic composite comprising at least one oxide having a perovskite structure can have a finer structure and, as 
a result, an enhanced mechanical strength. 
s In a case of a combination of Al 2 0 3 and Er 2 0 3 , which form an eutectic crystal of 81 . 1 mol% of AI 2 Q 3 and 1 8.9 mol% 
of Er 2 0 3 , a ceramic composite consisting of an Al 2 0 3 phase and an Er 3 AI 5 Q 12 phase having a garnet structure of a 
complex oxide made of Al 2 0 3 and Er 2 0 3 can be obtained. The ceramic composite may comprises about 20 to 80% by 
volume of a-AI 2 0 3 and about 80 to 20% by volume of Er 3 AI 5 0 12 . 

The oxides having a garnet structure which can be present in accordance with the present invention include 
o Yb 3 AI 5 0 12f etc. .» 

A ceramic composite comprising at least one oxide having a garnet structure can have an improved creep resist- 
ance. 

The ceramic composite of the present invention can be produced, for example, by the following process. 

A mixed powder of at least two oxide ceramic powders in a ratio for a desired ceramic composite is prepared by 
5 weighing and mixing. The mixing method is not particularly limited and may be either of a dry mixing method or a wet 
mixing method. In a wet mixing method, an alcohol such as methanol or ethanol is generally used as the medium. 

The mixed powder is then heated to a temperature at which both starting powders are molten, for example, at 1 950 
to 2100°C in the case of Al 2 0 3 and Si0 2 , in a conventional furnace, for example, an arc furnace, to melt the mixed pow- 
der. 

o Subsequently, the melt is charged in a crucible and then unidirectionally solidified to prepare a ceramic composite 
of the present invention. Alternatively, the melt is once solidified and crushed and the crushed material is then charged 
in a crucible and melted and unidirectionally solidified. Further, the above melt is cast in a crucible heated to a prede- 
termined temperature which is then cooled while controlling the cooling rate to obtain a solidified body. 

The atmospheric pressure during the melting and solidification is generally 300 Torr or less, preferably 10" 3 Torr or 

5 less. The speed of moving the crucible for unidirectional solidification, i.e., the rate of growth of the ceramic composite 
material is generally 500 mm/hour or less, preferably 1 to 100 mm/hour. The control of the conditions other than the 
atmospheric pressure and crucible moving speed can be done in the same manner as in conventional methods. 

If the atmospheric pressure or the crucible moving speed during the melting and solidification is outside the above 
ranges, pores or voids tend to appear, and it is difficult to obtain a ceramic composite excellent in mechanical strength 

o and creep behavior. 

The apparatus for unidirectional solidification may be a conventional one in which a crucible is vertically movably 
mounted in a vertically arranged cylindrical container, an induction heating coil is disposed around the approximate 
center position of the cylindrical container, and a vacuum pump is provided to evacuate the container space. 

The ceramic composites of the present invention are remarkably improved in their heat resistance, durability, 
5 strength, thermal stability and the like at high temperatures, exhibiting excellent characteristics at a high temperature 
above 1500°C in air, and therefore they are highly useful as members such as turbine blades of jet engines, electric 
power generator turbine, and the like as well as jigs for measuring high temperature properties. 

In addition, they are highly useful in the wide variety of fields where oxide-based ceramics such as A^Og are used 
in practice, for example, in a heat exchanger for a high temperature furnace, as materials for a neclear fusion furnace, 
o as materials for a nuclear furnace, as abrasion resistance materials, and as corrosion resistance materials. 

Moreover, if the ceramic composites are made into the form of f bers or powders, they can be suitably used as rein- 
forcing members dispersed in ceramic composite materials or nickel-based super alloys or cobalt-based super alloys 
which are used in the turbine blades of power generation turbines or in jet engines. Further, the obtained powders may 
be melted and solidified on the surface of a metal member or others by a method such as plasma spraying, which is 
s expected to improve the oxidation resistance and the abrasion resistance. 

Formation of the ceramic composite in the form of fibers may be conducted, for example, by changing a solidified 
body obtained by unidirectional solidification into a wire having a diameter of about 1 mm, dipping an end of the thus 
obtained wire into a pool of a melted material having the same composition as that of the wire, and drawing the wire to 
grow a crystal in the form of a fiber. 
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Alternatively, the Edge-defined Film-fed Growth method in which a guide is placed in a melt pool to cause capillary 
action and the guide is drawn, and the Laser Heated Float Zone (LHF) method in which a rod previously prepared by 
sintering is irradiated with a beam such as a laser beam to zone melting and unidirectional solidification, may be 
adopted. 

5 Formation of the ceramic composite in the form of powder may be conducted by a method in which a melted mate- 

rial is dropped through fine pores formed at the bottom of a crucible into a furnace having a graduation of temperature 
so as to solidify the same. 

The surface coating may be conducted by immersing a member to be coated into a melt pool, unidirectionally solid- 
ifying the melt while immersing the member therein, and removing the crucible which held the melt by post-machining 
10 or processing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a scanning electron microphotograph showing a ceramic composite obtained in Example 1; 
15 Fig. 2 is a scanning electron microphotograph showing a ceramic composite obtained in Example 2; 

Figs. 3 and 4 are scanning electron microphotographs showing a ceramic composite obtained in Example 3; 

Fig. 5 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 1; 

Fig. 6 is a scanning electron microphotograph showing a ceramic composite obtained in Example 4; 

Fig. 7 is a scanning electron microphotograph showing a ceramic composite obtained in Example 5; 
20 Fig. 8 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 2; 

Figs. 9 to 16 are scanning electron microphotographs showing ceramic composites obtained in Examples 6 to 13, 

respectively; 

Fig. 17 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 3; 
Fig. 18 is a scanning electron microphotograph showing a ceramic composite obtained in Example 14; 
25 Fig. 1 9 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 4; 
Fig. 20 is a scanning electron microphotograph showing a ceramic composite obtained in Example 15; 
Fig. 21 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 5; 
and 

Fig. 22 is a scanning electron microphotograph showing a ceramic composite obtained in Example 16. 

30 

EXAMPLES 
Example 1 

35 a-AI 2 0 3 powder and Gd 2 0 3 powder in a molar ratio of 78.0% by mole of the former to 22.0% by mole of the latter 
were milled in a wet ball mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Gd 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr and the crucible was heated by an induction coil to 1850 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 

ao the crucible, at a speed of £ mm/hour and under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 1 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a GdAI0 3 phase and the black portions are an 
<x-AI 2 0 3 phase. 

45 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 

ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of GdAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
50 Al 2 0 3 single crystal phase and a GdAI0 3 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 1 . where the three point bending strength was 
measured in air. The ceramic composite was kept at 1750°C for 50 hours and the increase in weight was 0.003 g/cm 3 . 
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Table 1 





Example 1 


Example 2 


Three point bending strength (MPa) 


600 


1000 



Example g 

a-AI 2 0 3 powder and <3d 2 0 3 powder in a molar ratio of 78.0% by mole ot the former to 22.0% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Gd 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr and the crucible was heated by an induction coil to 1850 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible, at a speed of 20 mm/hour and under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 2 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a GdAI0 3 phase and the black portions are an 
a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of <x-AI 2 0 3 and diffraction peaks from a plurality of 
planes of GdAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 single crystal phase and a GdAI0 3 polycrystal phase. 

The mechanical strengths of the ceramic composite are shown in Tables 1 and 3. where the three point bending 
strength was measured at 1 600°C in air with a strain speed of 1 0" 4 sec. The ceramic composite was kept at 1 700°C for 
50 hours and the increase in weight was 0.003 g/cm 3 . 

Example 3 

The procedures of Example 2 were repeated, except that the moving speed of the crucible was 50 mm/hour, to 
obtain a solidified body. 

Figs. 3 and 4 show scanning electron micrographs of the solidified body in section cut perpendicular to and in par- 
allel to the direction of the solidification. It is seen that this solidified body has a unique structure consisting of a structure 
which is finer than that of Example 2 and a structure wherein a GdAI0 3 phase in the form of fibers is uniformly dispersed 
in an Al 2 0 3 phase. 

The mechanical strength of this ceramic composite is shown in Table 2, wherein the three point bending strength 
was measured at 1600°C in air. 



Table 2 





Example 3 


. — i . 

Comparative Example 1 


Three point bending strength (MPa) 


800 


100 



Comparative Example 1 

a-AI 2 0 3 powder and Gd 2 0 3 powder in the same molar ratio as in Example 1 were milled in a wet mill using ethanol. 
The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Gd 2 Q 3 was charged in a graphite die and sintered, while being pressed 
at 500 kg/mm in an atmospheric pressure of 1 0* 2 Torr, at a temperature of 1 680°C for 2 hours to obtain a sintered body. 

From the X-ray body diffraction of the thus obtained sintered body, diffraction peaks from a plurality of planes of ct- 
AJ 2 0 3 and a plurality of planes of GdAIQ 3 were observed. 
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Fig. 5 shows scanning electron micrograph of the thus obtained sintered body in a section cut perpendicular to the 
direction of the pressing during sintering. In the photograph, the white portions are GdAI0 3 grains and the black por- 
tions are a-AI 2 03 grains. 

It was demonstrated that the sintered body was a ceramic composite comprising a-AI 2 0 3 grains and GdAI0 3 
grains. 

The mechanical strengths of the ceramic composites are shown in Tables 2 and 3, where the three point bending 
strengths and the compressive creep strength were measured at 1600°C in air. 



Table 3 





Example 2 


Comparative Example 1 


Compression creep strength (MPa) 


400 


100 



Example 4 

a-AI 2 0 3 powder and Er 2 0 3 powder in a molar ratio of 81.1% by mole of the former to 18.9% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Er 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10' 5 Torr, and the crucible was heated by an induction coil to 1900 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 5 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidified body. 

Fig. 6 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a Er 3 AI 5 0 12 phase and the black portions are an 
a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-Al 2 0 3 and a diffraction peak from a specific 
plane of Er 3 Al 5 0 12 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 single crystal phase and a Er 3 AI 5 0 12 single crystal phase. 

The mechanical strengths of the ceramic composite is shown in Tables 4 and 6, where the three point bending 
strength was measured at 1800°C in air and the compressive creep strength was measured at 1600°C in air with a 
strain speed of 10' 4 /sec. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight was 0.002 
g/cm 3 . 



Table 4 





Example 4 


Comparative Example 2 


Three point bending strength (MPa) 


450 


40 



Example 5 

a-AI 2 0 3 powder and Er 2 0 3 powder in a molar ratio of 81.1% by mole of the former to 18.9% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Er 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr and the crucible was heated by an induction coil to 1900 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 50 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 7 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a Er 3 Al 5 0 12 phase and the black portions are an 
a-AI 2 Q 3 phase. 
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It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and diffraction peaks from a plurality of 
planes of Er 3 AI 5 0 12 were observed, demonstrating that the solidified body was a ceramic composite consisting of two 
phases of an a-AI 2 0 3 single crystal phase and a Er 3 AI 5 0 12 polycrystal phase. 

The mechanical strengths of the ceramic composite is shown in Tables 5 and 6, where the three point bending 
strength was measured at 1800°C in air and the compressive creep strength was measured at 1600°C in air with a 
strain speed of 1 0" 4 /sec. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight was 0.002 
g/cm 3 . 

Comparative Example 2 ^ 

a-AI 2 0 3 powder and Er 2 0 3 powder in the same molar ratio as in Example 4 were milled in a wet mill using ethanol. 
The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Er 2 0 3 was charged in a graphite die and sintered, while being pressed 
at 500 kg/mm at 1780°C, and an atmospheric pressure of 10" 2 Torr for 2 hours to obtain a sintered body. In X-ray dif- 
fraction of the thus obtained sintered body, diffraction peaks from a plurality of planes of a-AI 2 0 3 and diffraction peaks 
from a plurality of planes of Er 3 AI 5 0 12 were observed. 

Fig. 8 shows scanning electron micrograph of the sintered body in a section cut perpendicular to the direction of 
the pressing during the sintering: In the photograph, the white portions are Er 3 AI 5 0 12 grains and the Wack portions are 
<x-AI 2 0 3 grains. 

It was demonstrated that the sintered body was a ceramic composite comprising a-AI 2 0 3 grains and Er 3 AI 5 0 12 
grains. 

The mechanical strengths of the ceramic composits are shown in Tables 5 and 6, where the three point bending 
strength was measured at 1800°C in air. The compressive creeping strength was measured at 1600°C in air with a 
strain speed of 1 0" 4 /sec. 



Table 5 





Example 5 


Three point bending strength (MPa) 


600 



Table 6 





Example 5 


Comparative Example 2 


Compression creep strength (MPa) 


480 


40 [ 



Example 6 * 

a-AI 2 0 3 powder and Sm 2 0 3 powder in a molar ratio of 69.0% by mole of the former to 31 .0% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Sm 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr, and the crucible was heated by an induction coil to 1850 to 
1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 50 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body 

Fig. 9 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a SmAI0 3 phase and the black portions are an 
a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of a-AI 2 Q 3 and diffraction peaks from a plurality of 
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planes of SmAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 polycrystal phase and a SmAI0 3 polycrystal phase in which the SmAI0 3 phase in the form of fibers is uniformly 
dispersed in the tx-AI 2 0 3 phase. J 

The mechanical strengths of the ceramic composite is shown in Tables 7 and 8, where the three point bending 
5 strength was measured at 1700°C in air and the compressive creep strength was measured at 1600°C with a strain 
speed of 10" 4 /sec. The ceramic composite was kept at 1700°C for 50 hours and the increase in weight was 0.002 g/cnr 



Table 7 





Example 6 


Three point bending strength (MPa) 


950 



75 



Table 8 



20 





Example 6 


Compression creep strength (MPa) 


600 



Example 7 

25 

a-AI 2 0 3 powder and Yb 2 0 3 powder in a molar ratio of 83.7% by mole of the former to 16.3% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Yb^Os was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr, and the crucible was heated by an induction coil to 1850 to 
30 1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 5 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 10 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3Yb 2 0 3 • 5AI 2 0 3 phase and the black por- 
tions are an a-AI 2 0 3 phase. 

35 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, pores or voids do not exist, and a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of 3Yb 2 0 3 • 5AI 2 0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
40 an a-AI 2 0 3 single crystal phase and a |3Yb 2 0 3 • 5AI 2 0 3 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 9, where the three point bending strength was 
measured at 1600°C in air. The ceramic composite was kept at 1700°C for 50 hours and the increase in weight was 
0.002 g/cm 3 . 



Table 9 





Example 7 


Three point bending strength (MPa) 


550 



so 



Example 8 

An a-AI 2 0 3 powder and an La 2 0 3 powder in a molar ratio of 77.5% by mole of the former to 22.5% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove ethanoL 

The obtained mixed powder of a-AI 2 0 3 and La 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10' 5 Torr and the crucible was heated by an induction coil to 1800 to 
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1900°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 50 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 1 1 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are an LaAI0 3 phase and the black portions are 
an a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of a-AI 2 0 3 and diffraction peaks from a plurality of 
planes of LaAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 polycrystal phase and an LaAI0 3 polycrystal phase, in which the LaAI0 3 phase in the form of fibers is uniformly 
dispersed in the a-AI 2 0 3 phase. 

The mechanical strength of the ceramic composite is shown in Table 10, where the three point bending strength 
was measured at 1 600°C in air. The ceramic composite was kept at 1 600°C for 50 hours and the increase in weight was 
0.002 g/cm 3 . 



Table 10 





Example 8 


Three point bending strength (MPa) 


750 



Example 9 

An a-AI 2 0 3 powder and an Nd 2 0 3 powder in a molar ratio of 80.3% by mole of the former to 19.7% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Nd 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10' 5 Torr and the crucible was heated, by an induction coil, to 1850 to 
1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 20 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 12 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are an NdAI^O^ phase and the black portions 
are an AINd0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, a diffraction peak from a specific plane of NdAI^O^ and diffraction peaks from a plurality of 
planes of AINd0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an 
Nd Ah 1 0i Q single crystal phase and an AINd0 3 polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 11, where the three point bending strength 
was measured at 1700°C in air. 

Example 10 

An <x-AI 2 0 3 powder and an Nd 2 0 3 powder in a molar ratio of 80.3% by mole of the former to 19.7% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Nd 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10 5 Torr, and the crucible was heated by an induction coil to 1850 to 
1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible, at a speed of 50 mm/hour under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 13 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are an NdAI^Oio phase and the black portions 
are an AINd0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 



10 



EP0 722 919 A1 



Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of NdAI^O^ and diffraction peaks from a plurality 
of planes of AINd0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an 
NdAl^O^ polycrystal phase and an AINd0 3 polycrystal phase, wherein the NdAI^O^ phase in the form of fibers is 
5 uniformly dispersed in the AINd0 3 phase. 

The mechanical strength of the ceramic composite is shown in Table 1 1 , where the three point bending strength 
was measured at 1 700°C in air. 



Table 1 1 





Example 9 


Example 1 0 


Three point bending strength (MPa) 


800 


1000 



15 >. 

Example 1 1 

An <x-AI 2 0 3 powder and an Eu 2 0 3 powder in a molar ratio of 71 .7% by mole of the former to 28.3% by mole of the 
20 latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 
The obtained mixed powder of <x-AI 2 0 3 and Eu20 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10~ 5 Torr, and the crucible was heated by an induction coil to 1750 to 
1850°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 20 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 
25 Fig. 14 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are an AIEu0 3 phase and the black portions are 
an EuAI^Ois phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist and that a uniform structure is obtained. 
30 Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of AIEu0 3 and diffraction peaks from a plurality of 
planes of EuAI^O-js were observed, demonstrating that the solidified body was a ceramic composite consisting of an 
AIEu0 3 single crystal phase and an EuAI^O^ polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 12, where the three point bending strength 
35 was measured at 1600°C in air. 

Example 12 

An a-AI 2 0 3 powder and a Pr 6 0^ 1 powder in a molar ratio of 78.8% by mole of the former to 21 .2% by mole of the 
40 latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 
The obtained mixed powder of a-AI 2 0 3 and PreO^ was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10 -5 Torr, and the crucible was heated by an induction coil to 1900 to 
1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 20 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 
45 Fig. 15 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a PrAI0 3 phase and the black portions are a 
Pr Al<, jOjb phase, both phases being a complex metal oxide. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist and that a uniform structure is obtained. 
so Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of PrAI^O^ and diffraction peaks from a plurality 
of planes of PrAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of a 
PrAI 1 iO, a single crystal phase and a PrAI0 3 polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 12, where the three point bending strength 
55 was measured at 1600°C in air. 
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Table 12 





Example 1 


Example 12 


Three point bending strength (MPa) 


650 


700 



Example 13 

a-AI 2 0 3 powder and Si0 2 powder in a molar ratio of 68.0% by mole of the former to 32.0% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Si0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 10" 2 Torr, and the crucible was heated by an induction coil to 1950 to 2100°C 
to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
cible at a speed of 5 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 16 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3AI 2 0 3 • 2Si0 2 (mullite) phase and the dark 
portions are an a-AI 2 0 3 phase. ! i 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
an <x-AI 2 0 3 single crystal phase and a 3AI 2 0 3 • 2Si0 2 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 13, where the three point bending strength 
was measured at 1850°C in argon. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight 
was 0.003 g/cm 3 . 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of X-ray diffraction peaks of the solidifid bodies are shown in Table 13. The 
ceramic composite of these solidified bodies were found to be ceramic composites which do not include any colony and 
grain boundary phase and have a uniform structure. 

Comparative Example 3 

The procecures of Example 13 were repeated except that the pressure in the chamber was changed to normal 
pressure (atmospheric pressure). 

Fig. 17 shows scanning electron micrograph of the thus obtained solidified body consisting of cc-AI 2 0 3 and 
3AI 2 0 3 • 2Si0 2 in a section cut perpendicular to the direction of the solidification. It was demonstrated that the ceramic 
composite of the solidified body included colonies and grain boundary phases as well as pores. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality planes of a-AI 2 0 3 and diffraction peaks from a plurality of 
planes of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
an a-AI 2 0 3 polycrystal phase and 3 Al 2 0 3 *2Si0 2 polycrystal phase. 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of the X ray diffractions of the obtained solidified bodies are shown in Table 1 4. 
It was found that these ceramic composites include colonies and grain boudnary phases as well as pores. 
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Table 13 



Starting powders and their proportions (mo!e%) 


Phases constituting 
ceramic comoosite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


ot-AloOo 


single crystal 


3AI 2 0 3 • 2Si0 2 


single crystal 


60% Y 2 0 3 


40% A! 2 0 3 


2Y 2 0 3 -AI 2 0 3 


single crystal 


3Y 2 0 3 *5AI 2 0 3 


single crystal 


78% NiO 


22% Y 2 0 3 

y 


NiO 


single crystal 


Y 2 0 3 


single crystal 


80% TiQ 2 


20% Al 2 0 3 


a-AI 2 0 3 


single crystal 


Ti0 2 


single crystal 



Table 14 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


a-AI 2 0 3 


polycrystal 


3AI 2 0 3 • 2Si0 2 


polycrystal 


60% Y 2 0 3 


40%AI 2 O 3 


2Y 2 0 3 -AI 2 0 3 


polycrystal 


3Y 2 0 3 -5AI 2 0 3 


polycrystal 


78% Nip 


22% Y 2 0 3 


NiO 


polycrystal 


Y 2 0 3 


polycrystal 


80% Ti0 2 


20% Al 2 0 3 

i 


a-AI 2 0 3 


polycrystal 


Ti0 2 


polycrystal 



Example 14 

45 

An a-AI 2 0 3 powder and an Si0 2 powder in a molar ratio of 68.0% by mole of the former to 32.0% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Si0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 1 0" 2 Torr and the crucible was heated by an induction coil to 1 950 to 21 00°C 
so to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
cible at a speed of 60 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 18 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3AI 2 0 3 • 2AI 2 0 3 (mullite) phase and the 
dark portions are an a-AI 2 0 3 phase. 
55 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and diffraction peaks from a plularity of 
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planes of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
two phases of an a-AI 2 0 3 single crystal phase and a 3AI 2 0 3 • 2Si0 2 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 13, where the three point bending strength 
was measured at 1 700°C in argon. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight 
was 0.003 g/cm 3 . 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of X ray diffraction of the obtained solidified bodies are shown in Table 1 5. It was 
found that these were ceramic composites had a uniform structure without any colonies and grain boundary phases. 

Comparative Example 4 

The procedures of Example 14 were repeated except that the pressure in the chamber was changed to normal 
pressure (atmospheric pressure). 

Fig. 19 shows scanning electron micrograph of the thus obtained solidified body consisting of a-AI 2 0 3 and 
3AI 2 0 3 -2Si0 2 in a section cut perpendicular to the direction of the solidification. It was demonstrated that the ceramic 
composite of the solidified body included colonies and grain boundary phases as well as pores. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of <x-AI 2 0 3 and diffraction peaks from a plurality of 
planes of 3AI 2 0 3 ■ 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
an a-AI 2 0 3 polycrystal phase and a 3AI 2 0 3 2Si0 2 polycrystal phase. i 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of X ray diffraction of the obtained solidified bodies are shown in Table 16. It was 
found that these bodies were ceramic composites which included colonies and grain boundaries as well as pores. 



Table 15 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% SiQ 2 


a- Al 2 0 3 


single crystal 


3AI 2 0 3 • 2Si0 2 


polycrystal 


60% Y 2 0 3 


j 40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


single crystal 


3Y 2 0 3 -5AI 2 0 3 


polycrystal 


78% NiO 


22% Y 2 0 3 


NiO 


single crystal 


Y 2 0 3 


polycrystal 


80% T10 2 


20% Al 2 0 3 


a-AI 2 0 3 


single crystal 


T10 2 


polycrystal 



i 
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Table 16 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


<x-AI 2 0 3 


polycrystai 


3Al 2 0 3 *2Si0 2 


polycrystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 - Al 2 0 3 


polycrystai 


3Y 2 0 3 * 5Ai 2 0 3 


polycrystal 


78% NiO 


22% Y 2 0 3 


NiO 


polycrystal 


Y 2 0 3 


polycrystal 


80% Ti0 2 


20% Al 2 0 3 


a-AI 2 0 3 


polycrystal 


Ti0 2 


polycrystal 



Example 15 

a-AI 2 0 3 powder and Si0 2 powder in a molar ratio of 68.0% by mole of the former to 32.0% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Si0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 10* 2 Torr, and the crucible was heated by an induction coil to 1950 to 2100°C 
to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
cible at a speed of 220 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 20 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3AI 2 0 3 • 2Si0 2 (mullite) phase and the dark 
portions are an a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of a-AI 2 0 3 and diffraction peaks from a plurality of 
planes of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
two phases of an a-AI 2 0 3 polycrystal phase and a 3AI 2 0 3 • 2Si0 2 polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 17. where the three point bending strength 
was measured at 1 850°C in argon. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight 
was 0.003 g/cm 3 . 



Table 17 





Example 13 


Example 14 


Example 15 


Three point bending strength (MPa) 


400 


450 


550 



In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of X ray diffraction of the solidified bodies are shown in Table 18. It was found 
that the solidified bodies were ceramic composites having a uniform structure without any colonies or grain boundary 
phases. 

Comparative Example 5 

The procedures of Example 15 were repeated except that the pressure in the chamber was changed to normal 
pressure (atmospheric pressure). 
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Fig. 21 shows scanning electron micrograph of the thus obtained solidified body consisting of a-AI 2 0 3 and 
3AI 2 0 3 • 2Si0 2 in a section cut perpendicular to the direction of the solidification. It was demonstrated that the ceramic 
composite of the solidified body included colonies and grain boundary phases as well as pores. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of <x-AI 2 0 3 and diffraction peaks from a plurality of 
planes of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
an a-AI 2 0 3 polycrystal phase and a 3AI 2 0 3 • 2Si0 2 polycrystal phase. 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
It was found that the solidified bodies included colonies and grain boundary phases as well as pores. 



Table 18 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


cc-AI 2 0 3 


polycrystal 


3AI 2 0 3 *2Si0 2 


polycrystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


polycrystal 


3Y 2 0 3 • 5AI 2 0 3 j 


polycrystal 


78% NiO 


22% Y 2 0 3 


NiO 


polycrystal 


Y 2 0 3 


polycrystal 


80% TiQ 2 


20% Al 2 0 3 | 


a-AI 2 0 3 


polycrystal 


T10 2 


polycrystal 



Example 16 

a-AI 2 0 3 powder and Zr0 2 powder in a molar ratio of 50.4% by mole of the former to 49.6% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Zr0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 10" 5 Torr and the crucible was heated by an induction coil to 1950 to 2100°C 
to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
cible at a speed of 5 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 22 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a Zr0 2 phase and the black portions are an 
a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colonies or grain bound- 
ary phases, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from-a specific plane of <x-AI 2 0 3 and a diffraction peak from a specific 
plane of Zr0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a-AI 2 0 3 
single crystal phase and a Zr0 2 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 19, where the three point bending strength 
was measured at 1 600°C in argon. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight 
was 0.003 g/cm . Further, the fracture toughness of the ceramic composite was measured, at room temperature and 
by the IF method, to be a high value of 10 MPaVm 
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Three point bending strength (MPa) 


700 



10 Claims 

1 . A ceramic composite of a solidified body consisting of at least two crystal phases of oxides selected trom the group 
consisting of metal oxides and complex metal oxides, except that said at least two oxides are not a combination of 
aluminum oxide (AI2O3) and a complex oxide (ittrium aluminum garnet) of aluminum oxide (Al 2 0 3 ) and yttrium 

15 oxide (Y 2 0 3 ). v (t 

2. A ceramic composite according to claim 1 , wherein said solidified body does not have colonies and pores. 

3. A ceramic composite according to claim 2, wherein said solidified body does not include boundary phases com- 
20 prised of a composition other than said oxides of said at least two crystal phases. 

4. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides is present as 
a single crystal in the sense that it is a crystal but does not constitute a polycrystal. 

25 5. A ceramic composite according to claim 1, wherein at least one of said at least two crystal phases of oxides is 
present as a single crystal in the sense that it is a crystal but does not constitute a polycrystal. 

6. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides is present as 
a polycrystal. 

30 

7. A ceramic composite according to claim 1 , wherein at least one of said at least two crystal phases of oxides con- 
stitutes a three dimensionally continuous phase. 

8. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides constitutes a 
35 three dimentionaliy continuous phase. 

9. A ceramic composite according to claim 1, wherein the metal constituting each of said oxides of said at least two 
crystal phases is a metal selected from the group consisting of Al, Mg, Si, Ti, Zr, Ca, Ba, Be, Fe, Mn, Co, Nb, Ta, 
Cr, Sr, Zn, Ni, Li, Ga, Hf, Th, U, Sn and rare each elements. 

40 1 , 

1 0. A ceramic composite according to claim 1 , wherein said oxides of said at least two crystal phases are selected from 
the group consisting of aluminum oxide and composite oxides made of aluminum oxide, rare each element oxides, 
and a rare earth element oxide. 

45 1 1 . A ceramic composite according to claim 10, wherein at least one of said oxides of said at least two crystal phases 
is an oxide having perovskrte structure. 1 

12. A ceramic composite accorcfing to claim 10, wherein at least one of said oxide of said at least two crystal phases 
is an oxide having garnet structure. 

50 

13. A ceramic composite according to claim 1 , wherein said solidified body consists of aluminum oxide and a complex 
oxide (3AI 2 0 3 • 2SiC>2) of aluminum oxide (Al 2 0 3 ) and silicon oxide (Si0 2 ). 

14. A ceramic composite according to claim 1 , wherein said solidified body consists of aluminum oxide (Al 2 0 5 ) and zir- 
55 conium oxide (Sr0 2 ). 
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Fig. 13 
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